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ABSTRACT
The broad Mg ii line in quasars has distinct variability properties compared with broad Balmer lines:
it is less variable, and usually does not display a “breathing” mode, the increase in the average cloud
distance when luminosity increases. We demonstrate that these variability properties of Mg ii can be
reasonably well explained by simple Locally Optimally Emitting Cloud (LOC) photoionization models.
In our fiducial LOC model, the Mg ii-emitting gas is on average more distant from the ionizing source
than the Hα/Hβ gas, and responds with a lower amplitude to continuum variations. If the broad-line
region (BLR) is truncated at a physical radius of ∼ 0.1 pc (for a 108M BH accreting at Eddington
ratio of 0.1), most of the Mg ii flux will always be emitted near this outer boundary and hence will
not display breathing. These results indicate that reverberation mapping results on broad Mg ii, while
generally more difficult to obtain due to the lower line responsivity, can still be used to infer the
Mg ii BLR size and hence black hole mass. But it is possible that Mg ii does not have a well defined
intrinsic BLR size-luminosity relation for individual quasars, even though a global one for the general
population may still exist. The dramatic changes in broad Hα/Hβ emission in the observationally-
rare changing-look quasars are fully consistent with photoionization responses to extreme continuum
variability, and the LOC model provides natural explanations for the persistence of broad Mg ii in
changing-look quasars defined on Hα/Hβ, and the rare population of broad Mg ii emitters in the
spectra of massive inactive galaxies.
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1. INTRODUCTION
The ubiquitous aperiodic variability of quasars can be
utilized to probe different spatial scales, for example,
to measure the size of the broad-line region (BLR) and
hence to estimate the black hole (BH) mass. The ori-
gin of quasar continuum variability could be changes in
the accretion rate (e.g., Li & Cao 2008), or complex
disk instabilities (e.g., Lyubarskii 1997; Dexter & Agol
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2011; Cai et al. 2016). The delayed responses of more
extended emitting regions (such as the BLR) to the con-
tinuum variations measure the characteristic distance of
these emitting regions to the central BH (R = cτ , where
τ is the time lag between continuum and broad line vari-
ability and c is the speed of light), a technique known as
reverberation mapping (RM, Blandford & McKee 1982;
Peterson 2014). Combined with the broad line width
∆V (a proxy for the virial velocity in the BLR) mea-
sured from spectroscopy, one can estimate the BH mass
as
MBH =
f∆V 2R
G
, (1)
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where f is a scale factor of order unity that accounts
for the BLR orientation, kinematics, structure and other
unknown factors, andG is the gravitational constant. So
far there have been more than 60 low-redshift (z < 0.3)
AGNs with successful RM lag measurements (e.g., Kaspi
et al. 2000; Peterson et al. 2004; Barth et al. 2015; Du
et al. 2016), mostly for the broad Hβ line. These mea-
surements have revealed a scaling relation between the
size of the BLR and the continuum luminosity (i.e.,
R ∝ L0.5) (e.g., Kaspi et al. 2000; Bentz et al. 2006)
for Hβ. This R−L relation underlies the BH mass esti-
mation with single epoch spectroscopy, using luminosity
as a proxy for the BLR size (e.g., Shen 2013).
At 1 . z . 2, the strong Balmer lines Hα and Hβ shift
out of the optical band, and Mg ii becomes the major
broad line of interest for RM with optical spectroscopy.
Compared with the Balmer lines, results on Mg ii RM
are scarce and more ambiguous. Only in a handful cases
has a Mg ii lag been robustly detected (Clavel et al. 1991;
Reichert et al. 1994; Metzroth et al. 2006; Shen et al.
2016; Czerny et al. 2019), with many attempts failed
to result in a detection (Trevese et al. 2007; Woo 2008;
Hryniewicz et al. 2014; Cackett et al. 2015). Part of the
difficulty of Mg ii lag detection is the apparently lower
variability amplitude of Mg ii compared to the Balmer
lines in the same objects (e.g., Sun et al. 2015).
Some earlier theoretical works on photoionization al-
ready suggested that Mg ii has a weak response to con-
tinuum variation, resulting in weaker line variability
compared with other lines (Goad et al. 1993; O’Brien
et al. 1995; Korista & Goad 2000). Based on the IUE
(International Ultraviolet Explorer) monitoring of the
Seyfert 1 galaxy NGC 4151, Metzroth et al. (2006) re-
ported a reliable Mg ii time lag (τ ∼ 5-7 days) but weak
line variability – the fractional Mg ii line variability is
less than 30% of that for the continuum around 1355
A˚. Similarly, Clavel et al. (1991) detected a marginal
Mg ii lag in NGC 5548 with weak line variability (the
fractional Mg ii variability is only ∼ 30% with respect
to continuum). Cackett et al. (2015) also attempted
Mg ii RM in NGC 5548 with Swift spectra sampled ev-
ery two days in 2013. However, there was no signifi-
cant Mg ii lag detected given the weak Mg ii variabil-
ity. Other studies of individual objects also confirmed
the general weak variability of Mg ii, e.g., NGC 3516
(Goad et al. 1999b,a), PG 1634+706 and PG 1247+268
(Trevese et al. 2007), and CTS C30.10 (Modzelewska
et al. 2014). In addition, population studies of quasar
variability in the SDSS Stripe 82 and SDSS-RM (Shen
et al. 2015) also found that Mg ii variability is gener-
ally weaker than those from Balmer lines (Kokubo et al.
2014; Sun et al. 2015). Finally, studies of the broad
line responses to large-amplitude continuum variations
(more than 1 magnitude) over multi-year timescales also
confirmed that the Mg ii response to continuum is much
weaker than that for the broad Balmer lines (Yang et al.
2019).
On the other hand, intense RM monitoring of the
broad Balmer lines has revealed a “breathing mode” of
the line (Korista & Goad 2004; Denney et al. 2009; Park
et al. 2012; Barth et al. 2015; Runco et al. 2016): as
the central luminosity increases the BLR expands, and
the broad line width (inversely related to the emissivity-
weighted radius) decreases, and vice versa. Assuming
the BLR is virialized, we expect that the line width
∆V ∝ L−0.25 assuming R ∝ L0.5 as for the Hβ BLR.
The situation is more complicated with high-ionization
lines such as C IV, where there could be a significant
non-virial component resulting from outflows and winds
in the inner part of the BLR. For example, when lu-
minosity increases, the blueshifted outflow component
in C IV becomes more prominent compared with the
core, presumably virial component, of C IV, leading to
a broader overall line width. This anti-breathing of C IV
has been observed for population of quasars with differ-
ent luminosities (Shen et al. 2008), or individual quasars
with luminosity changes (Sun et al. 2018). In addition,
Wilhite et al. (2006) pointed out that the broad line
wing produced close to the central engine should be
more variable than the narrow line core produced fur-
ther away, since the variability will be smoothed out at
large radii. This effect may partially affect the observed
∆V − L relation (Wilhite et al. 2006; Guo & Gu 2014).
The “breathing” mode for broad Mg ii has not been
well studied. Recently, Yang et al. (2019) studied 16
extreme variability quasars with spectroscopy covering
Mg ii, and found that the line width of Mg ii does not
vary accordingly as continuum varies by more than a
factor of few for most objects (See their Fig. 4), in
contrast to the well-known “breathing” model for Hβ.
Similar results are reported in Shen (2013) for a large
sample of quasars with two-epoch spectroscopy to probe
the continuum and broad line variability. This is some-
what surprising, given that Mg ii is also a low-ionization
line like the Balmer lines, and that the average Mg ii
width correlates well with that of Hβ for the population
of quasars (Shen et al. 2008, 2011).
Given the importance of broad Mg ii for RM at in-
termediate redshifts and for understanding quasar BLR
in general, it is important for us to understand Mg ii
variability. Unlike the recombination lines (e.g., Hβ
and Hα), Mg ii is mostly collisionally excited. To fully
understand the different variability properties of broad
Mg ii, detailed photoionization calculations are required.
LOC model 3
In this work we construct photoionization models using
CLOUDY (Ferland et al. 2017, version 17.01) to under-
stand Mg ii variability and compare to the Balmer lines.
In §2, we discuss the excitation and emission mecha-
nisms of different lines. In §3 we establish the LOC
model to demonstrate the weak variability and slow re-
sponse of Mg ii to ionizing flux changes, and present the
cases of “breathing” and “no-breathing” under different
LOC model parameters. In §4, we discuss the implica-
tions of Mg ii variability on RM, and present a sequence
of “changing-look” in Balmer lines and Mg ii as the con-
tinuum luminosity undergoes significant variations. We
summarize our findings in §5.
2. EMISSION MECHANISMS FOR Hα, Hβ AND
Mg ii
In order to investigate the variability behaviors of the
three different broad lines, we first need to understand
their excitation and emission mechanism and response
to the central ionizing source. Hα and Hβ are recom-
bination lines in the BLR with large column density (∼
1023 cm−2 ) and high volume density (∼ 1010 cm−3 )
clouds. The ionization potential of H i is 13.6 eV, and
the ionized H i will subsequently recombine and emit
Balmer lines (e.g., Hβ and Hα) in ionization equilib-
rium. The recombination timescale is given by
τrec = (neα)
−1 ∼ 0.1(1010 cm−3/ne) hr, (2)
which is related to the recombination coefficient α and
the electron density ne. Assuming ne = 10
10 cm−3 , it
yields a recombination timescale of a few minutes.
Unlike Balmer lines, Mg ii is dominated by collisional
excitation given its low excitation energy (4.4 eV). The
ionization energy of Mg ii to Mg iii is > 15 eV (compara-
ble to the 13.6 eV ionization energy of H i), which indi-
cates a similar emissivity-weighted radius as the Balmer
lines. Its recombination rate is also similar to that of the
Balmer lines, whereas the Magnesium abundance (Z =
log NMg II/NH + 12 = 7.58, where N is the column den-
sity of different elements) is four orders of magnitude
lower than hydrogen (Z = 12). Therefore the contribu-
tion from recombination is negligible for Mg ii emission.
The collisional timescale of Mg ii is given by
τcol =
(
8.63× 10−6neγmnexp(−χmn/kT )
ωmT 0.5e
)−1
s, (3)
where γmn = 16.9 is the collisional strength for 3p
2P 0−
3s 2S0 transitions, k is the Boltzmann constant, the sta-
tistical weight ωm is 6 for 3p
2P 0, and χmn = Em−En =
4.4 eV for Mg ii resonance transition (Osterbrock 1989).
Assuming gas electron temperature Te = 10
4 K and
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Figure 1. Electron temperature, atom/ion number den-
sity fractions and excitation timescales as function of column
density. We adopt the simplest one-cloud model with typical
BLR parameters, i.e., ionization parameter logUH = −1 and
chemical abundance Z = 2Z. We perform radiative trans-
fer calculations up to NH = 10
25 cm−2 . In the top panel, the
electron temperature decreases with increasing hydrogen col-
umn density. The middle panel shows the ionization states
of hydrogen and magnesium as function of total column den-
sity. The bottom panel shows the recombination timescales
of Hβ and Hα and collisional timescale of Mg ii, which are
consistent with the estimation from Eqns. (2) & (3).
ne = 10
10 cm−3 , we obtain the approximate collisional
timescale of ∼ 0.01s.
Fig. 1 presents various cloud parameters as function
of column density in the simple one-cloud model. We as-
sume a slat cloud, with ionization parameter logUH =
−1, a column density of NH = 1025 cm−2 , super-solar
abundance Z = 2Z and covering fraction Cf = 1,
is irradiated on one side by a typical radio-quiet AGN
SED with the big blue bump (Mathews & Ferland 1987).
Here we choose the super-solar abundance in BLR ac-
cording to Hamann & Ferland (1993) and logUH ∼ −1
for normal quasars (Netzer 2013). As column density in-
creases, the electron temperature drops (top panel), and
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Mg ii abundance starts to exceed that of Mg iii above
N(H) ∼ 1022.7 cm−2 , i.e., Mg ii is not over-ionized at
sufficiently high column densities (middle panel). The
hydrogen abundances at different energy levels are rela-
tively constant. In the bottom panel, we show that the
timescales (τrec of recombination and τcol of collisional
excitation) are much smaller than 1 day, and hence neg-
ligible compared with the time delay in BLR response
or the interval of multi-epoch observations.
Photoionization properties calculated for individual
clouds will be used to construct more realistic BLR mod-
els that cover a distribution in cloud properties.
3. LOC MODELS
A physically-motivated photoionization model for the
BLR is the Locally Optimally Emitting Cloud (LOC)
model, which consists of clouds with different gas den-
sities and distances from the central continuum source
with an axisymmetric distribution (Baldwin et al. 1995).
They proposed that the line emission we observe orig-
inates from the combination of all clouds but is domi-
nated by those with the highest efficiency of reprocessing
the incident ionizing continuum, i.e., those clouds with
the optimal distance from the central source and gas
density. This natural selection effect is due to a com-
bination of ionization potential, collisional de-excitation
of the upper levels, and thermalization at large optical
depths.
In the follow sections, we will consider a typical quasar
withMBH = 10
8 M and L
3000A˚
= 1044−45 erg s−1 , cor-
responding to Eddington ratios Lbol/LEdd ∼ 0.04− 0.4,
which encloses most of the Eddington ratios observed for
quasars (e.g., Shen et al. 2011). Since our main interest
is on Mg ii, we use the continuum luminosity at 3000A˚
as the reference for the quasar continuum luminosity.
3.1. Responses of Hα, Hβ, and Mg ii to continuum
variations
Following previous works (Baldwin et al. 1995; Ko-
rista et al. 1997; Korista & Goad 2000, 2004), we assume
that the density of the clouds covers a broad range of 7
≤ log n(H) [cm−3 ] ≤ 14 with 0.125 dex spacing. The
upper limit is subject to model uncertainties (Ferland
et al. 2013), and the lower limit is determined by the
absence of forbidden lines in the BLR. An ionizing flux
range of 17 ≤ log Φ(H) [cm−2 s−1] ≤ 24 with 0.125 dex
spacing is chosen. The lower limit is related to the sub-
limation temperature (∼ 1500 K) of dust grains, which
corresponds to a hydrogen ionizing flux of Φ(H) ∼ 1018
cm−2s−1 (Nenkova et al. 2008). The upper limit is unim-
portant since the emissivity for most lines is low at large
Φ(H). The ionization parameter is defined as the ra-
tio of hydrogen-ionizing photon Q(H) to total hydrogen
density n(H):
UH ≡ Q(H)
4piR2n(H)c
≡ Φ(H)
n(H)c
, (4)
where R is the distance between the central ionizing
source and the illuminated surface of the cloud, c is the
speed of light, and Φ(H) is the flux of ionizing pho-
tons. Constant UH values are thus diagonal lines in
the density–flux plane (in log-log scale). For each cloud
(represented by a point in the density-flux plane), we
assume hydrogen column density NH = 10
23 cm−2 ,
abundance Z = 2Z, covering fraction Cf = 11, and
the same radio-quiet AGN SED to perform the CLOUDY
calculation. Note that the incident continuum does not
include the reprocessed emission from other clouds, nor
do we consider the effects of cloud-cloud shadowing or
continuum/line beaming.
We obtain the photoionization results on a grid of the
density-flux plane, which include 3249 model calcula-
tions in Fig. 2, where the contour represents the line
equivalent width (EW, w.r.t. the incident continuum at
1215A˚, for direct comparisons with earlier photoioniza-
tion work) and is directly proportional to the continuum
reprocessing efficiency for each line. For constant flux,
the vertical y-axis in Fig. 2 is equivalent to the radius
axis. For all three lines, the most efficiently emitting re-
gions are located in the lower right half, whereas the top
left half are regions of Comptonization (the clouds are
transparent to the incident continuum). The EW peaks
are marked by black triangles while the stars correspond
to the old standard BLR parameters (Davidson & Net-
zer 1979). The peak locations are determined by atomic
physics and radiative transfer within the large range of
line-emitting clouds. We can see that qualitatively the
most-efficient Mg ii-emitting clouds is slightly more dis-
tant than those for the Balmer lines given Φ(H) ∝ L/r2.
Next, we compute the overall line luminosity by sum-
ming over all grid points with proper weights determined
from assumed distribution functions. Following Baldwin
et al. (1995), the observed emission line luminosity is the
integration given by
Lline ∝
∫ ∫ Rout
Rin
r2F (r)f(r)g(n)dndr , (5)
where F (r) is the emission line flux of a single cloud at
radius r, and f(r) and g(n) are the assumed cloud cov-
ering fractions as functions of distance from the center
1 The covering fraction Cf is usually set to fit the observed line
properties e.g., equivalent width. In our work, we did not compare
with observations and hence set Cf to 1.
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Figure 2. Contours of Log EW for three emission lines are shown as a function of the hydrogen density n(H) [cm−3 ] and
surface flux of hydrogen ionizing photons Φ ∝ L/r2. We assume the typical hydrogen column density n(H) = 1023 cm−2 , super-
solar abundance (2Z) and covering fraction Cf = 1. The line EW is referenced to the incident continuum at 1215A˚ for direct
comparisons with earlier work, which is directly proportional to the continuum reprocessing efficiency. The smallest decade
contour (outermost) corresponds to 1 A˚, and each solid line is 1 decade, and dashed lines represent 0.125 decade steps. The
dotted diagonal lines are photoionization parameters decreasing from the top left (logU = 6) to the lower right (logU = −6).
The triangles and stars are the EW peaks and the BLR parameters used in Davidson & Netzer (1979), respectively.
and gas density, respectively. We then fix the inner ra-
dius Rin of the BLR to 10
15.5 cm (∼1 lt-day) and the
outer radius Rout to 10
17.5 cm (∼100 lt-day). We use
Rin and Rout to designate the physical region where the
photoionized BLR gas can exist. The inner radius has
negligible impact on the results since the gas clouds at
smaller radii have very high density and high tempera-
ture, resulting in inefficient continuum reprocessing and
line emission. The outer radius of BLR is likely tens to
hundreds of light days for typical AGN with BH masses
of 107 − 109M constrained from RM results (Korista
& Goad 2000, 2004; Shen et al. 2016). The dust subli-
mation radius, which presumably defines the inner edge
of the torus (Elitzur & Shlosman 2006), also roughly
coincides with the out radius of the BLR. Here we as-
sume that the BLR is not expanding or shrinking during
typical RM monitoring period since the BLR dynamical
timescale (∼ a few yrs) is much longer. The value of
the outer radius Rout does affect the resulting variabil-
ity properties of the lines, and we will revisit this issue
in §3.2.
We sum the grid emissivity in Fig. 2 along the den-
sity axis at each radius to obtain the radial distribu-
tion of surface emissivity for different lines, as shown
in Fig. 3. We note that only the density range of
8 ≤ log n(H) (cm−3 ) ≤ 12 is considered, since below
n(H) = 108 cm−3 the clouds are inefficient in producing
emission lines and above n(H) = 1012 cm−3 the clouds
mostly produce thermalized continuum emission rather
than emission lines2 (Korista & Goad 2000).
In Fig. 3, we also consider the case where the con-
tinuum luminosity at 3000 A˚ of the quasar drops by a
factor of 10, i.e., L
3000A˚
decreases from 1045 to 1044
erg s−1 (grey shaded area in Fig. 4), corresponding
to Q(H) ' [1055.7, 1054.7]3. When the quasar contin-
uum changes from the bright state (solid lines) to the
faint state (lighter lines) by one dex, the radial emis-
sivity function simply shifts to the left by 0.5 dex (since
Φ(H) ∝ L/r2) assuming no dynamical structure changes
of the BLR, as well as its inner and outer boundaries.
As shown in Fig. 3, Mg ii emissivity changes much less
than Balmer lines in certain regime between R ∼ 1017
and 1018 cm, and this difference in the level of line emis-
sivity changes from the bright state to the faint state
increases with increasing radius.
To calculate the line luminosity, we still need to spec-
ify the distribution functions of clouds, i.e., f(r) and
g(n). Traditionally LOC models have been using empir-
ical parameterizations for these distribution functions
aiming at reproducing the observed emission line prop-
erties. For example, according to Baldwin et al. (1995),
f(r) ∝ rΓ and g(n) ∝ nβ (Γ = −1 and β = −1)
are simple and reasonable assumptions for BLR clouds
2 We tested different upper limits on the density range used in
the summation in Appendix A.
3 logQ(H) = logLbol + A, where A is about 10 (Arav et al.
2013) and logLbol = logBC3000A˚
+ logL
3000A˚
, where logBC
3000A˚
= 0.71 is the bolometric correction at 3000A˚ using the average
quasar spectral energy distribution from Richards et al. (2006).
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Figure 3. The radial emissivity function. Emission-line
radial surface fluxes based on the weighting function along
the gas density axis. The radial distance is calculated by the
continuum luminosity L
3000A˚
= [44, 45] erg s−1 (transparent
and solid). The vertical dashed lines mark inner and outer
boundaries of BLR (Rin ' 1 lt-day, Rout ' 100 lt-day).
(e.g., reproducing the line properties in NGC 5548, Ko-
rista & Goad 2004). This parameterization of f(r) and
g(n) results in equal weighting for each grid point in
the density–flux plane in log-scale. However, recent ev-
idence favors a steeper Γ, e.g., −2 < Γ < −1.5 (Nagao
et al. 2006). Therefore we adopt Γ = −2 and Eqn. (5)
becomes
Lline ∝
∫
d(log n)
∫ Rout
Rin
rF (r)d(log r) (6)
Using Eqn. (6) and for the range of quasar luminosity
of L
3000A˚
= [1042, 1047] erg s−1 corresponding to Q(H)
= [1052.7, 1057.7] s−1, we obtained the LOC predicted
Lcon – Lline relation in Fig. 4. In the left panel, Mg ii
varies at a slower rate with continuum than the Balmer
lines in the continuum luminosity range from ∼ 1044
to 1046 erg s−1 , the typical luminosity range of an ex-
tremely variable quasar. In the gray shaded region when
the continuum luminosity drops by 1 dex, the Mg ii lu-
minosity is only reduced by 0.25 dex, which is less than
the luminosity reduction in Balmer lines (e.g., 0.4 dex
for Hα and 0.45 dex for Hβ). In the right panel, we show
different line ratios as a function of continuum luminos-
ity. With decreasing central luminosity, the ratios of
Hα/Hβ and Mg ii/Hβ increase, which is consistent with
the theoretical results in Baldwin et al. (1995), and ob-
servations of CLQs (MacLeod et al. 2016, 2019; Yang
et al. 2018). In Appendix A, we also tested different
Rout and Γ for the Lcon – Lline relations and found sim-
ilar results.
3.2. Reproducing the “breathing” of broad lines
In the simple LOC model described above, the outer
BLR radius Rout and the slope Γ in the radial distribu-
tion function f(r) ∝ rΓ are fixed to Rout = 1017.5 cm
and Γ = −2. We refer to this model as our fiducial LOC
model throughout this paper.
Here, we vary these two parameters and explore the
outcome in the expected broad line “breathing” behav-
iors. We tested three pairs of (Rout, Γ) = (10
17.5,−2),
(1017.5,−1) and (1018.5,−2), to demonstrate the three
types of “breathing” mode: “breathing”, “partially
breathing” and “no-breathing”. Nagao et al. (2006)
showed that the slope in the distribution function on
density g(n) is well constrained to be around −1. Thus
we fix β = −1 and only test different Γ values here. We
note that Rout = 10
18 cm (∼300 lt-day) is comparable to
the typical dust sublimation radius of the torus4. When
Γ = −1, the line luminosity is given by
Lline ∝
∫
d(log n)
∫ Rout
Rin
r2F (r)d(log r) (7)
Thus, with different slopes of covering fraction distribu-
tion, Lline ∝ r2F (r) (Γ = −1) or ∝ rF (r) (Γ = −2) will
be derived from Eqn. (7) & (6), respectively.
The resulting radial distributions of line emission are
presented in the upper panels of Fig. 5. Similarly we
consider a continuum change of 1 dex from the bright
state (solid lines) to the faint state (lighter lines) to
mimic a CLQ. These radial emissivity profiles will not
only shift to the left by 0.5 dex, but also move down by
0.5 dex (1 dex) for Γ = −1 (−2) since Φ(H) ∝ L/r2.
The Mg ii emissivity peak is always located at larger
radii than those for the Balmer lines. In the left column
with Rout = 10
17.5 cm, the maximum emissivity for all
three lines is located very close to the outer boundary
of the BLR in the bright state. In the faint state, the
maximum emissivity of Hβ and Hα is shifted to inside
the outer boundary, while the maximum emissivity of
Mg ii is still near the outer boundary.
Assuming the BLR is virialized, we compute the aver-
age virial velocity and the corresponding observed broad
line width (line dispersion σ) for each line and display
the results in the bottom panels of Fig. 5. For simplic-
ity, here we use the peak-emissivity radius Rpeak and
BH mass MBH = 10
8M to obtain the line dispersion σ
assuming f = 4.47 (Woo et al. 2015) in Eqn. (1), since
the line emission is nearly dominated by the emissivity
peak (Baldwin et al. 1995). In Appendix B, we also test
4 Rsub ∼ 0.4 pc L0.545 T−2.61500 = 0.4 pc, assuming the dust sub-
limation temperature is 1500 K and the bolometric luminosity is
1045 erg s−1 (Elitzur & Shlosman 2006).
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Figure 4. Left: responses of line luminosity to continuum changes in the fiducial LOC model. The Mg ii line luminosity is
normalized to Lline = 10
43 erg s−1 at L
3000A˚
= 1045 erg s−1 , which yields a typical EW of Mg ii = 30 A˚ (Shen et al. 2011).
The Hα and Hβ luminosities are scaled from the Mg ii luminosity based on the line flux ratios computed from the LOC model.
Right: line ratios as a function of continuum luminosity in the fiducial LOC model. The grey shaded regions enclose a factor of
ten change in continuum luminosity to mimic a CLQ (or extreme variability quasar).
using the effective radius and the resulting breathing
effects, which are broadly consistent with those using
Rpeak. The three combinations of (Rout, Γ) produce
different behaviors in the relation between line width
and luminosity: (1) Hα and Hβ show “breathing” but
Mg ii does not over most of the luminosity range (par-
tially breathing); (2) none of the lines show “breathing”
(no-breathing); and (3) all three lines show “breathing”.
Since case (1) is most consistent with observed prop-
erties for the Balmer lines and Mg ii (e.g., Park et al.
2012; Shen 2013; Yang et al. 2019), it suggests Γ = −2
is a more reasonable value to use than Γ = −1. We
remind the reader that this combination of (Rout, Γ) =
(1017.5,−2) is for our fiducial model that reproduces the
weaker response of Mg ii discussed in §3.1.
We do not have enough information to reconstruct the
detailed kinematic structure of the BLR. It is possible
that some portion of the BLR gas is not in a virialized
component, which could contribute to the wings of the
broad lines (e.g., Ho et al. 2012; Popovic´ et al. 2019).
3.3. The relation between broad-line width and
equivalent width
The tests in the previous section suggest that in order
to reproduce the overall behaviors of breathing for the
Balmer lines and Mg ii, the preferred combinations of
Γ and Rout are Γ = −2 and Rout = 1017.5 or 1018 cm,
respectively. We now test additional predictions with
these two combinations of Γ and Rout.
In Fig. 6, we show the predicted relations between
line width (σ), line rest equivalent width (EW) and the
continuum luminosity (L
3000A˚
), for the three broad lines
and for the two cases of (Rout,Γ) combination.
In both cases the LOC model predicts an intrinsic
Baldwin effect (Baldwin 1977) where the line EW de-
creases with increasing continuum luminosity. The pre-
dicted slope is 0.5 ∼ 0.7, which is consistent with earlier
work (e.g., Gilbert & Peterson 2003; Rakic´ et al. 2017).
On the other hand, the model also predicts a correlation
between the line width and the EW. This latter corre-
lation is driven by the combined effect of breathing and
the Baldwin effect: both line width and EW are anti-
correlated with continuum luminosity. If Mg ii is only
partially breathing in the luminosity range probed (up-
per panels in Fig. 6), the correlation between line width
and EW is much weakened. For a population of quasars,
the observed relation between the Mg ii width and EW
is in between the predictions from the two LOC models
(e.g., Dong et al. 2009; Shen et al. 2011). It is likely
that the relations revealed here for a single quasar (i.e.,
the relation is intrinsic) contribute to the global rela-
tion observed for populations of quasars with different
BH masses and luminosities.
4. IMPLICATIONS
The appeal and caveats of the LOC model have been
discussed extensively in earlier work (e.g., Korista &
Goad 2000, 2004). While the LOC model is quite suc-
cessful in reproducing the bulk of the observed prop-
erties of the broad line emission, we fully acknowledge
the empirical nature of this approach. For example, the
modeling of the covering factors (weights) as functions
of radius and cloud density is somewhat ad hoc. Nev-
ertheless, we found that this empirical photoionization
model can explain most of the observed variability prop-
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erties of the Mg ii line and their differences from those
for the Balmer lines.
Assuming that our fiducial LOC models are the cor-
rect prescription for broad line emission in quasars, we
discuss the implications of the predicted broad line vari-
ability, with an emphasis on the Mg ii line.
4.1. Mg ii reverberation mapping
As discussed in §1, Mg ii is an important broad line
of RM interest at intermediate redshifts with optical
spectroscopy. There are two implications from the ob-
served Mg ii variability and predictions from our fiducial
LOC photonionization models. First, the broad Mg ii
responses to the continuum variability at a lower level
than the broad Balmer lines, which means that the Mg ii
lags will be more difficult to detect in general. The fact
that the Mg ii gas is located at slightly larger distance
than the Balmer line gas also adds to the difficulty of
detecting Mg ii lags, since longer monitoring duration is
required to capture the lag.
Perhaps a more striking feature of Mg ii variability is
the general lack of breathing when luminosity changes.
We have argued that the lack of breathing could be
explained by the possibility that the Mg ii gas with
maximum emission efficiency is near the outer physi-
cal boundary of the BLR, and hence the flux-weighted
radius of the Mg ii emitting clouds does not vary much
with luminosity5. The lack of breathing for Mg ii sug-
gests that there is no intrinsic R − L relation for the
Mg ii BLR. However, a global R − L relation may still
exist for quasars over a broad BH mass and luminosity
range, if the outer radius Rout scales with BH mass. Fig.
7 demonstrates the possible existence of a global R− L
relation and the absence of an intrinsic R − L relation
for Mg ii. More RM results on Mg ii will be important
to test the existence, or lack thereof, of a global R − L
relation (e.g., Shen et al. 2015, 2016; Czerny et al. 2019).
One assumption in our photoionization modeling is
that the BLR structure is not changed over the period
5 We note that under different model parameters, Mg ii can also
exhibit breathing (Fig. 5), as observed in rare cases (Dexter et al.
2019).
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Figure 6. The relations among L
3000A˚
, EW and σ. We assume Γ = −2 and Rout = 1017.5 or 1018 cm for upper and lower
panels, respectively. The EW of Mg ii at Log L
3000A˚
= 45 erg s−1 is normalized to a typical value of 30 A˚ (Shen et al. 2011).
of the continuum variability. It is possible that Rout
will slowly change on dynamical timescale at this radius
(∼ 300 yr for our default parameters of MBH = 108M
and Rout ∼ 0.1 pc), and may eventually settle down at a
different value in a new luminosity state over the much
longer lifetime of the quasar. This possibility could also
be responsible for a global R− L relation for Mg ii.
4.2. A changing-look sequence
Our LOC models also have implications for the behav-
iors of broad-line responses to continuum changes in the
population of optically-identified changing-look quasars
(CLQs), or more generally, extreme variability (or hy-
pervariable) quasars (e.g., Rumbaugh et al. 2018).
Most of the CLQs reported so far are spectroscopically
defined by the dramatic changes in the broad Balmer
line flux between the bright and the dim states (e.g.,
LaMassa et al. 2015; Runnoe et al. 2016; MacLeod et al.
2016, 2019; Sheng et al. 2017; Yang et al. 2018). In most,
if not all, of these cases, broad Mg ii remains visiable
even in the dim state (e.g., MacLeod et al. 2019; Yang
et al. 2019).
With our LOC models, we can qualitatively ex-
plain the persistence of broad Mg ii in a CL event.
Fig. 8 presents a time sequence of synthetic spec-
tra with the continuum luminosity decreasing from
1045 to 1043 erg s−1, for the fiducial model (Γ = −2,
Rout = 10
17.5 cm) that can reproduce the observed
Mg ii variability properties (see §3.1 and §3.2). Each
spectrum consists of a quasar power-law continuum, a
host galaxy component6, and broad/narrow emission
lines (e.g., Hα, Hβ, Mg ii, [O iii] and [S ii]) described by
single-Gaussian functions. In the faintest state we only
include the host galaxy and narrow emission lines. We
adopt a quasar continuum power-law slope α = −1.56
(fλ = λ
α) (e.g., Vanden Berk et al. 2001). We start at
the brightest epoch with L
3000A˚
= 1045 erg s−1 , and re-
duce the continuum luminosity in steps of 0.2 dex. The
strengths of the broad emission lines are computed from
our fiducial LOC model at each continuum luminosity.
From the sequence in Fig. 8, it is obvious that when
the broad Balmer lines almost disappear (e.g., become
undetectable), the broad Mg ii emission remains visi-
ble. When the continuum luminosity continues to drop,
broad Mg ii will eventually become too weak to be de-
6 The host galaxy template is taken from the actual spectrum of
a recently-discovered Mg ii changing-look object (Guo et al. 2019,
in prep).
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Figure 7. A cartoon for the R − L relation. The grey el-
lipse represents a global R − L relation for the population
of quasars with different BH masses and luminosities. The
small blue and red ellipses represent the intrinsic R−L rela-
tion for a single quasar with variable luminosity, for Hβ and
Mg ii, respectively. The “breathing” mode for Hβ in individ-
ual quasars is the result of the intrinsic R − L relation. For
Mg ii there is no intrinsic R−L relation, which results in no
“breathing” mode for Mg ii.
tectable. Indeed we have found an example of a Mg ii
changing-look quasar from a systematic search with re-
peated SDSS spectra (Guo et al. 2019, in prep).
We note that there is currently some ambiguity in
the observational definition of “CLQs” based on the
appearances of the broad Balmer lines, i.e., the de-
tection of broad Balmer lines is S/N dependent. Our
LOC calculations demonstrate that the variability of the
broad emission lines in a CLQ can be fully explained
by photonization responses to the dramatic continuum
changes. There is nothing special about the properties of
the broad emission lines in CLQs compared to normal
quasars, except for their extreme continuum variabil-
ity. For these reasons, “extreme variability quasars”, or
“hypervariable quasars”, is a more appropriate category
term for these objects in our opinion.
Given the sequence of broad-line spectra shown in Fig.
8 following the fading of continuum emission, it is pos-
sible to catch the quasar in a state where there is de-
tectable broad Mg ii but no detectable broad Balmer
lines. Roig et al. (2014) discovered that there is a rare
population of broad Mg ii emitters in spectroscopically
confirmed massive galaxies from the SDSS. We postu-
late that these broad Mg ii emitters may be the tran-
sition quasar population where the quasar continuum
and broad Balmer line flux had recently dropped by a
large factor but the broad Mg ii flux is still detectable on
top of the stellar continuum. Using the sample of broad
Mg ii emitters from Roig et al. (2014), we confirmed that
the EWs of the broad Mg ii follow the extrapolated Bald-
win effect in our LOC model to lower luminosity range7
of L3000 ∼ 1043erg s−1. Thus our LOC model provides a
natural explanation for these rare broad Mg ii emitters
in otherwise normal galaxy spectra.
5. CONCLUSIONS
In this work we have studied the variability of broad
Mg ii, Hα, and Hβ in the framework of photoionization
of BLR clouds by the ionizing continuum from the accre-
tion disk in quasars. We adopt the popular but empirical
LOC model with typical parameters used in the litera-
ture to qualitatively reproduce the observed variability
properties of the three low-ionization broad lines.
Our main findings are:
1. the LOC model confirms that the emissivity-
weighted radius decreases in the order of Mg ii,
Hα and Hβ (Fig. 2 & 5), which is consistent with
limited RM results where more than one lines
have detected lags (Clavel et al. 1991; Peterson &
Wandel 1999; Shen et al. 2016; Grier et al. 2017).
It also predicts that the Hβ-emitting gas is more
broadly distributed radially than Mg ii and Hα
(Fig. 5).
2. the observed weaker variability and slower re-
sponse for Mg ii compared to the Balmer lines are
recovered over a broad range of quasar variability
(Fig. 4). These results come natually from pho-
toionization calculations that capture various ex-
citation mechanisms and radiative transfer effects.
Variability dilution due to the larger average dis-
tance of Mg ii gas likely also contributes to this
difference between Mg ii and Balmer line variabil-
ity.
3. the general lack of “breathing” of the broad Mg ii
line can be explained by the possibility that the
most efficient Mg ii-emitting clouds are always
near the outer physical boundary of the BLR. On
the other hand, the Balmer line gas is inside this
outer BLR boundary and the peak of the radial
distribution of line emission shifts as continuum
luminosity changes to produce the “breathing” ef-
fect (Fig. 5). Under certain circumstances when
7 We found that the 3000A˚ luminosity for these broad Mg ii
emitters were underestimated by an erroneous factor of 100 in the
original Roig et al. paper (B. Roig, private communications).
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the Mg ii gas is also within the BLR boundary,
Mg ii can also display the “breathing” behavior.
4. based on these photoionization calculations, there
is a natural sequence of the successive weakening
of Hβ, Hα, and Mg ii, when the ionizing contin-
uum decreases. The “changing-look” behavior in
CLQs can be fully explained by the photoioniza-
tion responses of the broad emission lines to the
extreme variability of the continuum. Our results
provide natural explanations for the persistence
of broad Mg ii line in changing-look quasars, and
broad Mg ii emitters in otherwise normal galaxies.
The success of reproducing most of the observed Mg ii
variability properties, which only became available re-
cently for statistical samples, with simple LOC models
suggests that photonionization is the dominant process
that determines the observed variability properties of
the broad line emission. Future more RM results on
Mg ii will further test the LOC photoionization model,
and to confirm the existence of a global R − L rela-
tion for Mg ii, a prerequisite to using the Mg ii line as a
single-epoch virial BH mass estimator for quasars.
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APPENDIX
A. TESTING ADDITIONAL PARAMETERS IN THE LOC MODEL
In this paper, we use an ad hoc LOC model, similar to that in Korista & Goad (2000), which includes several free
parameters, e.g., incident continuum shape, hydrogen column density, gas abundances, outer BLR radius, upper limit
of number density, functions of covering fraction f(r) and g(n), as well as several nuisance parameters (e.g., inner BLR
radius, lower limit of number density, global covering fraction Cf ). Korista et al. (1997) tested some major parameters,
for example, incident continuum shape, hydrogen column density, and gas abundances. They concluded that the lines
formed in the partially ionized hydrogen zone (e.g., Mg ii) are not strongly affected until the cloud column density
drops below 1022 cm−2 . The contour in Fig. 2 will expand (shrink) if using a harder (softer) incident continuum. In
addition, the Mg ii emitting efficiency will increase with increasing metal abundance.
Here, we further test three parameters (i.e., Rout, Γ and n(H)max), which may affect our results. First, we adopt
the same parameter space as in §3.1 and change the upper limit of n(H) for the integration of the radial emissivity
function. In the top row of Fig. 9, we find that with increasing the maximum n(H) value, the response of Mg ii to
continuum gradually enhances. When n(H)max = 10
13 cm−2 , the clouds are mostly the continuum emission rather
than the emission lines as pointed out by Korista & Goad (2000).
Secondly, we test different Rout with fixed Γ = −1 and −2. In the middle and bottom rows, with increasing Rout,
all panels show weaker response of Mg ii in the assumed luminosity range (grey shaded region) compared with Hβ
and Hα. However, for the panel of (Rout,Γ) = (10
18,−1), the difference between Mg ii and Hα is not significant.
Therefore, we conclude that alternative choices of these three parameters will not change our main results on Mg ii
from the fiducial LOC model described in §3.1.
B. THE LUMINOSITY-LINE WIDTH RELATION
In section §3.2, we adopted the peak-emissivity radius (RPeak) to estimate the L− σ relation (breathing). Here we
consider an alternative line width estimation, the effective line width σeff weighted by the radial line emissivity:
σeff =
∫
σrF (r)dlog(r)∫
rF (r)dlog(r)
, if Γ = −2 or (B1)
σeff =
∫
σr2F (r)dlog(r)∫
r2F (r)dlog(r)
, if Γ = −1 (B2)
where σ =
√
MBHG
Rf , and f is set to 4.47 (Woo et al. 2015) and MBH = 10
8M.
Fig. 10 shows the corresponding three “breathing” cases as in Fig. 5, which demonstrates that Mg ii is still the least
“breathing” among the three lines. However, compared with Fig. 5, the slopes of the L− σ relation are all shallower
than −0.25 for partially and fully breathing modes. The no-breathing mode now also has a weak anti-correlation
between line width and luminosity. We expect that the realistic situation is in between the cases using the virial
velocity estimated at Rpeak (Fig. 5) and the effective line width. The predicted shallow breathing slope in the Hβ and
Mg ii line width-luminosity relation using σeff is consistent with observations in some objects (Park et al. 2012; Dexter
et al. 2019).
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Figure 9. Testing LOC models with alternative parameters of Rout, Γ and n(H)max. The grey shaded region is the assumed
luminosity range of a quasar with Eddington ratios between 0.4 and 0.04. Our fidical LOC model has Rout = 10
17.5 cm,
f(r) ∝ rΓ ∝ r−2 and n(H)max = 1012 cm−3.
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Figure 10. Same as Fig. 5 except that we calculate an effective line width σeff weighted by the radial line emissivity. The
dashed grey lines in the bottom panels represent an ideal L− σeff relation with a slope of −0.25.
